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We study a model for the motion of a tracer particle inside an active gel, exposing the properties of
the van Hove distribution of the particle displacements. Active events of a typical force magnitude
give rise to non-Gaussian distributions, having exponential tails or side-peaks. The side-peaks
appear when the local bulk elasticity of the gel is large enough and few active sources are dominant.
We explain the regimes of the different distributions, and study the structure of the peaks for active
sources that are susceptible to the elastic stress that they cause inside the gel. We show how the
van Hove distribution is altered by both the duty cycle of the active sources and their susceptibility,
and suggest it as a sensitive probe to analyze microrheology data in active systems with restoring
elastic forces.
Introduction — Active gels, composed of a cross-linked
network of biopolymers that contains molecular motors
which produce active forces, are in-vitro model systems
for exploring non-equilibrium physics as well as study-
ing the dynamics inside living cells [1–13]. The dynamics
of an active gel can be probed experimentally by follow-
ing the displacements of a passive tracer particle [6–9].
The time-dependent distribution of the displacements,
the van Hove distribution (VHD), was observed to be
an indicator of activity inside the gel, exhibiting distinct
non-Gaussian form in the presence of activity [6–8]. It
was further predicted theoretically that when the mo-
tion is dominated by few sources of active forces, and
the elastic stiffness of the gel is high, there should ap-
pear side-peaks in the VHD [13]. This peak structure
arises from the discrete displacement of the tracer parti-
cle due to the force balance between the active force and
the elastic restoring force.
In this paper, we study how the VHD changes with the
properties of the active forces. We show that the model
introduced in [13] has parameter regimes where the VHD
has exponential tails, similar to those commonly mea-
sured for tracers in active gels [6–8]. We then extend
the model in [13] to account for susceptibility of the ac-
tive event sources to the elastic stress in the active gel.
This is motivated by the known susceptibility of molec-
ular motors, such as myosin II, to applied forces, which
modify their kinetics [14–19]. We show how the model
parameters affect the peak structure in the VHD, thereby
demonstrating that it is a sensitive probe for the prop-
erties of the active sources inside active gels and living
cells. Our results may be relevant to many active sys-
tems with restoring elastic forces, such as artificial active
membranes [20–22], cellular membranes [23], active poly-
mers [24–26], particles within optical traps [27], dense
active fluids [28–30] and active fluctuations observed in
the chromatin in the nucleus of living cells [31–35].
Model definition — We start by studying a one dimen-
sional model for the motion of a tracer particle in the
active gel, which was introduced in [13]. The particle
is trapped in a harmonic potential U(x) = 12kx
2, repre-
senting the bulk elasticity of the gel. This description
is valid at short times, in which the particle is trapped,
since at long times the actin network reorganizes and the
particle performs free diffusion [6, 9]. In addition, the
particle moves due to the force applied by N ”motors”,
each representing a source of active events which applies
a force with typical magnitude F0 for an exponentially
distributed time duration with average k−1off . At first we
assume, as in [13], that the motors are independent and
identically distributed: each of them can be either on or
off. When a motor is off, it doesn’t apply any force to
the particle. The motor turns on after an exponentially
distributed duration, with rate kon. Once the motor is
on, a direction (left or right) is randomly chosen and the
motor applies a force of magnitude F0 in that direction
to the particle.
The Langevin equation of motion for the particle po-
sition x is thus:
mx¨ = −γx˙− kx−
∑N
i=1
Mi(t)F0 + ξ(t) (1)
Where m is the particle mass, γ is a friction coefficient,
Mi is a variable representing the state of the i-th motor,
and is equal to 0 when the motor is off and ±1 when the
motor is on in the right/left direction. ξ(t) is white noise
that can be of thermal or other origin (such as activity
from many sources that are far from the particle). We
neglect ξ, since small white noise does not significantly
affect the properties of the VHD peak structure in which
we are interested. Moreover, in cellular systems active
temperatures are usually much larger than thermal ones.
The motion of tracer particles in cellular systems and
artificial active gels is typically overdamped. Accord-
ingly, our model focuses on this regime, where the fric-
tion timescale m/γ is smaller than the other timescales,
k−1off , k
−1
on and γ/k. Yet we keep the general form of the
Langevin equation in all of our simulations for accuracy
and consistency, since as the susceptibility of the motors
to the external force increases, the rates of motor state
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2change can become greater than the friction timescale
m/γ, crossing into the underdamped regime.
In the following, we focus on the properties of a com-
monly measured characteristic of the motion of tracer
particles in experimental systems [6–8] - the van Hove
correlation function P (∆x(∆t)). It is defined as the dis-
tribution of particle displacements ∆x ≡ x(t+∆t)−x(t)
over a lag time ∆t.
Qualitative behavior of the van Hove distribution —
Two qualitative behaviors of the VHD of tracer particle
displacements have been observed in active gels: Gaus-
sian [9] and exponential tails [6–8]. Both behaviors can
be explained within the model defined above, in different
regimes of the bulk elasticity, the number of motors and
the lag time ∆t.
If a tracer particle is far enough from all active motors,
its motion is caused by thermal noise combined with the
small effect of each of the distant motion of many motors.
In this case, its VHD will be Gaussian, irrespective of the
value of k [13].
Exponential tails, as were observed in active gels [6–8]
and living cells [36–39], can result from forces applied by
few nearby motors (as suggested in [6]), if the local bulk
elasticity is small. In the Supplemental Information Sec-
tion 1 [40], we show that within our model, in the limit of
small bulk elasticity and small duty cycle (ratio of time
in which a motor is on) pon ≡ konkon+koff , the exponential
statistics of the motor active burst duration results in ex-
ponential tails of the VHD. Thus our model is consistent
with observations of exponential tails in active gels.
A third behavior was predicted theoretically in [13]
to occur within an experimentally relevant regime: if a
tracer particle is in an environment with large bulk elas-
ticity, and in the vicinity of only a few motors, then side
peaks appear in the long-time VHD (Fig. 1a,b), while at
shorter times, these peaks become shoulders (Fig. 1c,d).
We now investigate the dependence of this peak structure
on the properties of the active sources.
van Hove distribution peak ratio — In the strong con-
finement limit koff, kon  k/γ, the steady state particle
position distribution P (x) has sharp peaks located at po-
sitions where the motor force is balanced by the harmonic
potential force [13]. The particle spends most of the time
at the peaks of P (x): the time it takes the particle to
move the distance between adjacent peaks x0 ≡ F0/k is
γ/k (as calculated in the SI Section 2 [40]), and in this
limit it is much smaller than the typical times for a motor
state change - k−1off and k
−1
on . P (x) then has one central
peak at x = 0, and 2N side peaks, N on each side of
x = 0 (Fig. 1a). The long-time VHD is simply a self-
convolution of P (x): P (∆x(∆t → ∞)) = P (x) ∗ P (x).
Thus it has one central peak and 4N side peaks. De-
note the value of P (∆x) in each of the peaks P˜i, where
i = −2N,−2N+1, ..., 2N . In order to quantify the peaks
structure of the VHD, we measure the ratio of consecu-
tive peak height differences in log scale (Fig. 1b). The
system is reflection-symmetric and therefore P˜−i = P˜i.
Thus for convenience we can focus without loss of gener-
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FIG. 1. (a) Sketch of the steady state position distribution of
the particle for N = 1 motor, with the peak notations marked.
(b) Sketch of the matching long time VHD of particle dis-
placements (P (∆x(∆t→∞))). Notation for the distribution
peaks and consecutive peak differences is marked. (c) The
steady state particle position distribution for N = 1 adamant
motor (kon = 0.43, koff = 1, k = 1000, F0 = 1, γ = 50).
(d) The VHD for the same system as in (c). Different colors
represent different lag times ∆t. Detected peaks are marked
by black x’s, and shoulders by black circles.
ality on the peaks with non-negative indexes, which are
at non-negative x values. We define the consecutive peak
height differences in log scale: ∆i = log(P˜i/P˜i+1). We
study the dependence of the ratio of two consecutive log
peak height differences: ri(∆t) = ∆i/∆i+1 on our model
parameters, and show that its value can be a signature
of motor susceptibility to external force.
We begin by analyzing adamant motors, where the dy-
namics of the active sources do not depend on the stress
in the gel, and the rates kon, koff are constant. In the SI
Section 3 [40], we show that when pon → 0, the long-time
VHD has ri → 1. Furthermore, ri < 1 and quite close to
1 for all pon < p
c
on for p
c
on ≈ 0.6 (Fig. 2a, S2). Thus pon
needs to be larger than pcon in order to obtain a ri > 1.
Moreover, numerical simulations (see SI Section 6 [40])
show that this remains true for small ∆t values (Fig. 2),
in a sense that is clarified below. As ∆t becomes smaller,
the VHD becomes narrower, as the displacements are
smaller over shorter times. Eventually, peaks (maximum
points of P (∆x)) become shoulders (Fig. 1d). A shoulder
is a region of decreased slope, between two regions with
a larger slope. We define the location of the shoulder to
be the minimum point of |P ′|. As ∆t decreases, P (∆x)
continuously deforms until there is no longer a maximum
point where P ′ = 0, and instead |P ′| > 0 throughout the
region. This happens since the tracer does not have time
to reach the force balance position, and remain there,
within time ∆t. When a peak P˜i becomes a shoulder as
30 0.2 0.4 0.6 0.8 1
−3
−2
−1
0
1
2
3
pon
r 0
0.05
0.2
0.5
1
10
(a)
0 0.5 1 1.5 2 2.5 3
−10
−5
0
5
10
∆t
r 0
0.09 0.5
0.66 0.75
0.8 0.83
0.91
(b)
FIG. 2. r0 in simulations with N = 1 adamant motor, koff = 1
and varying kon (k = 1000, F0 = 1, γ = 50): (a) r0 vs pon.
Different colors represent different lag times ∆t. The black
line is the approximate theoretical result for the fast particle
limit at long lag times. (b) r0 vs ∆t. Colors represent different
pon values. For pon . 0.6, r0 < 1 at all lag times.
∆t decreases, we continue to use the notation P˜i for the
shoulder point height.
Susceptible motors — Next, we study the model when
the active sources are susceptible to external force. While
the susceptibility of molecular motors, which are the
source of activity in active gels, is a known phenomenon
[14–19], it is not obvious how to take it into account in our
model due to several reasons. First, because the precise
nature of the active events that affect the tracer particle
position in the active gel is unknown [6, 9]. Second, be-
cause molecular motors respond to the force which acts
on them locally, and it is unclear what this force is within
our model, which does not assign a spatial position to
the motors. We make the simple assumption that each
of the motors is susceptible to the elastic force acting
on the tracer particle, since this force is an indicator of
the local stress in the gel. This means that the stochas-
tic dynamics of the motor state variables Mi are now
coupled to the particle position x, i.e. the motor state
transition rates are functions of x. We therefore define
k±on(x) to be the rate of transition from the off state to
the on state in the ± direction, and k±off(x) to be the
rate of transition from the on state in the ± direction
to the off state. In general, solving the coupled dynam-
ics of the particle position and motor states to find P (x)
is difficult. We can solve it approximately in the fast
particle limit. Let us consider the case of a single mo-
tor, N = 1. Then, as shown in the SI Section 4 [40], the
steady state particle position satisfies P (x0) = P (−x0) =
kon(0)
2koff(x0)
P (0), where we denote kon(x) = k
+
on(x) + k
−
on(x)
and koff(x0) = k
+
off(x0) = k
−
off(−x0). The dimensionless
ratio kon(0)/koff(x0) controls the steady state distribu-
tion. Thus the particle position distribution and there-
fore the long-time VHD are approximately affected only
by tuning the susceptibility (x dependence) of koff, and
indifferent to the dependence of kon on the external force
(since at x = 0 the external force is zero). At shorter
times this is not true since events where the motor turns
on before reaching x = 0, with kon that is dependent on
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FIG. 3. Comparison of systems of N = 1 susceptible motor
with susceptibility in the on or off rate. The VHD for various
F1 values is plotted for: (a-b) k
±
on = e
∓kx/F1 , koff = 10, for lag
times of ∆t = 0.1 (a) and ∆t = 10 (b). For ∆t = 0.1, increas-
ing the susceptibility (decreasing F1) increases the height of
the shoulder P˜2 and therefore increases r0. (c-d) kon = 1,
koff = 10e
−Mkx/F1, for lag times of ∆t = 0.1 (c) and ∆t = 10
(d). Increasing the susceptibility causes peaks to become
shoulders and move to smaller |x|. It does not increase P˜2
or r0. (k = 1000, F0 = 1, γ = 50)
the location x, can become dominant. For example, for
a ∆t close to the time it takes the particle to move from
x0 to −x0 with M1 = −1, P (∆x = 2x0) is a result of
events where the motor state changed from +1 to 0 and
nearly immediately to −1. The probability of such events
depends on k±on(x).
The simplest possibilities are that either the active
event rate k±on is susceptible to external force and the
average event duration 1/k±off is constant, or vice versa.
We considered both of these options, with the assump-
tion that the dependence of the rates on the elastic force
is exponential and such that the motor force tends to
align with the elastic force. We define the two models we
study as follows:
1. koff = const, k
±
on = k
0
one
∓kx/F1 , where k0on is the
basal on rate in the absence of forces, and F1 is a force
scale that determines the sensitivity of the motors to ex-
ternal force. When F1 → ∞, the motors are adamant:
k+on = k
−
on = k
0
on, and each motor is equally likely to push
to the left or to the right, regardless of the elastic force on
the particle. In the infinite susceptibility limit F1 → 0,
for x > 0: k+on → 0, k−on →∞ and the motor turns on in
the direction of the elastic force infinitely fast.
2. kon = const, koff = k
0
offe
−Mkx/F1. In the adamant
motor limit F1 → ∞: k+off = k−off = k0off, and the motor
is equally likely to turn off whether it is pushing with
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FIG. 4. The effect of susceptibility on r0. For k
±
on = e
∓kx/F1 ,
koff = 10, N = 1: (a) r0 as a function of F1 for various lag
times ∆t. Inset: The average duty cycle 〈pon〉 as a function of
F1. (b) r0 as a function of the average duty cycle 〈pon〉(F1) for
various lag times ∆t. For a small enough ∆t, r0 > 1 for much
smaller pon than in the adamant motor system. (c,d) Same
as (a) and (b) for kon = 1, koff = 10e
−Mkx/F1 (k = 1000,
F0 = 1, γ = 50)
or against the elastic force. In the infinite susceptibility
limit F1 → 0, for x > 0: k−off → 0, k+off → ∞, and the
motor immediately turns off if it is pushing against the
elastic force, and never turns off if it is pushing with the
elastic force.
Since in experiments using acto-myosin active gels, the
duty cycle of the active sources is likely small [2, 6, 9, 13],
we would like to explore the peaks structure obtained in
this regime. Specifically, since in the small pon regime
we find r0 < 1 for adamant motors, we would like to
find if susceptibility of the active sources can result in
r0 > 1 even at a small average duty cycle (note that for
susceptible motors the average duty cycle is a result of
the system dynamics).
From numerical simulations, we find that a susceptible
koff does not increase r0 above 1 (For N=1 see Fig. 3c,d,
Fig. 4c,d, for N=2 see Fig. S3c,d, Fig. S4c,d [40]). On
the other hand, a susceptible kon causes r0 to be greater
than 1 at smaller pon values than the one for adamant
motors (For N=1 see Fig. 3a,b, Fig. 4a,b, for N=2 see
Fig. S3a,b, Fig. S4a,b [40]).
Discussion — We considered a model for the mo-
tion of a tracer particle in an elastic gel due to active
force sources of a typical force magnitude. We find
that the two experimentally observed behaviors of the
VHD of the tracer position displacements in actomyosin
gels: Gaussian [9] and exponential tails [6–8] can be ob-
tained in our model for different parameter values. Ad-
ditionally, we explored the structure of side-peaks in the
VHD in the limit of strong confinement (”fast particle”)
koff, kon  k/γ. We characterized the peak structure us-
ing the difference between adjacent peaks. We showed
that for adamant motors, the ratio of the first two dif-
ferences r0 is larger than 1 only for large pon values.
When the active event rate is susceptible to the elastic
stresses in the gel (which are quantified by the force on
the tracer), such that the motor and elastic force tend to
align, we find that r0 > 1 is obtained even when the aver-
age duty cycle is small. When the active event duration
is susceptible to the elastic stress, r0 is not increased by
the susceptibility. Thus, if the average duty cycle of the
active events is small, the peak and shoulder structure
can be an indication for susceptibility to external force
of the active event rate. This information can shed light
on the microscopic nature of the active events in various
active gel systems. Our results may serve as motivation
for detailed experimental studies of the dynamics in ac-
tive systems, artificial and biological, with strong elastic
restoring forces.
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